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Among the classical methods for the experimental determination of driving forces of processes of life or nonliving matter, AF, AH, and AS (the free-energy, heat, and entropy changes), two main approaches may be distinguished: (a) Material quantities, namely, mole fractions of reactants and products at equilibrium, have been measured at different temperatures to obtain AF and AH by chemical analysis.
(b) Quantities of energy, namely, heats of combustion or reaction, and heat capacities at various temperatures, extrapolated to absolute zero, have been measured by calorimetry to obtain AH and AS.
In a symposium at San Francisco in 1935, Rossini' introduced as the ultimate end of chemical thermodynamics the compilation of the master-table of data, notably AF. In the same symposium, Eastman2 remarked on the chemical and thermal ways of measurement as follows: "In 1906 NAernst published his famous 'heat theorem' as the consummation of the long cherished ambition of the chemist to determine affinities from purely thermal data."
It will be shown in the present paper that the definition of chemical equilibrium and its relation to the standard free-energy change, AF', also permit, in a most elementary fashion, another way to determine affinity, AF', and simultaneously the standard entropy change, AS', from purely thermal data, namely, from two experimental quantities, Q, and (1) and AF0 = -RT In (Q).
(2)
With a new method of microcalorimetry capable of measuring reaction heats with solutions of 10-3-10-6 molarity,3 4 which has in fact stimulated the present study and will be described in detail in a separate publication, equations (1) and (2) Compared with the classical approach from purely thermal data, the method here described requires only two experimental observations for the determination of AFO, AH, and ASO. Instead of quantities of the order of 10 gm., as used for third-law entropy determinations, it requires only micromoles of substances, which is advantageous in biochemical studies. No measurements at low temperatures or extrapolations to absolute zero are necessary One general advantage of the method is the possibility of carrying out an independent check without introducing an independent method of analysis. This may -be done by measuring the paired heats, Qi and Q2, twice, at different temperatures, to obtain AF0 of the reaction at these two temperatures. AH, derived from the two values of AF0 and the temperatures in the Gibbs-Helmholtz equation, must not differ from AH = Q1-Q2.
On the other side, the following prerequisites of our method are listed: Solutions must be dilute, M/100 or less. The reaction under study must proceed to the equilibrium point within a few hours in vitro. It must not be accompanied by other heat-absorbing processes of a similar order of magnitude. It must have a measurable AH and a reasonable equilibrium constant, usually between 103 and 10-3, unless it is suited for coupling with another reaction of opposite AF0 sign and known thermodynamic data. This will, however, quite often be feasible in the case of metabolic reactions.
Equations (1) and (2) 
In showing how these equations have been derived on the basis of simple and wellknown formulas of thermodynamics, we shall confine ourselves to the simple case of a "symmetrical" reaction of two components on either side.' Special cases in which the heat measurements would be done with Samples I and II, initially containing known quantities of both reactants and products, will also be omitted, although such combinations may have experimental advantages in some cases, and their equation was derived in this study earlier than the simpler case given here with unit quantities of A + B C + D.
Let Sample I initially contain 1 mole of reactants, A + B, and let Sample II initially contain 1 mole of products, C + D, in very dilute solutions. Then, after the reactions have attained a balance between backward and forward rates, which is indicated by zero rate of energetic output from the microcalorimeter in both experiments, reactants and products will be present in Samples I and II at equilibrium in equal quantities, namely, 1 -x moles of reactants and x moles of products, if x is the unknown quantity transformed in Sample I from reactants into products. In Sample II, which initially contained unit quantity of products and no reactants, 1 -x moles of products must have been transformed into reactants to attain the equilibrium state. Thus, while in Sample I the transformation of x moles was associated with the total heat change Q1, the transformation of 1 -x moles in the opposite direction in Sample II was associated with the total heat change Q2. We may therefore write, for a sufficiently dilute solution of reactants and products, ( 1) In order to obtain the standard free-energy change, AF', we form, from the quantities-or rather concentrations-in the equilibrium state, the equilibrium constant
or, substituting terms described above,
and the standard free-energy change is AF0 = -RTln (-Q).
The practical feasibility and precision of the method theoretically outlined here will depend mainly on the quantitative purity of reactants, the magnitudes of AH and AFO, the rate at which the reactions approach the equilibrium point, and the precision of the thermal measurement. It is, of course, essential that the catalystor enzyme emerge unchanged from the reaction.
The determination of AH and AF0 by this method will, of course, be favored by high AH, because more heat is available for the measurements. On the other hand, conditions are more favorable with low absolute values of AF'. With increasing absolute value of AF°l, the equilibrium constant, K, moves farther from unity. If AFl is large and negative, the absorbed heat Qi approaches but never exceeds AH, while the absorbed heat Q2 approaches but never attains zero. (The roles of Q, and Q2 are, of course, reversed if AF0 is large and positive.) It is decisive for the range of usefulness of our procedure that the heat Q2 could be measured with a similar percentage of accuracy, although it may be smaller than Qi by orders of magnitude.4
The standard entropy change, AS0, follows, of course, from AF0, AH, and the temperature, T, in the fundamental equation
